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P
latinum (Pt) has been widely utilized
as a catalyst in reduction of pollutant
gases emitted from automobiles,

synthesis of nitric acid, oil cracking, ethyl-
ene hydrogenation and proton-exchange
membrane (PEM) fuel cells.1�4 It has been
proven that the catalytic activities of Pt and
other noble metals are highly dependent
on their surface structures in formic acid
oxidation,5�9 ammonia oxidation,10�12 oxy-
gen reduction,13�15 nitrite reduction,16�18

and many other reactions.19�21 In the reac-
tion of formic acid oxidation, Herrero, Iwasita,
Hoshi and Markovic et al. have demonstrated
the importance of controlling surface struc-
tures (including facet effect) in tuning cataly-
tic activitieswith intensive studies on Pt single
crystals.5�9 In recent years, considerable
efforts have been made on the use of Pt
nanocrystals in various catalytic reactions,
mainly due to their high surface-to-volume
ratios that are supposed to enable higher

activities in catalysis. In particular, Pt nano-
crystals enclosed by high-index facets have
been of great interests in terms of improv-
ing catalytic activities, as this class of facets
generally contains a high density of stepped
surface atoms.5 Given that the surface struc-
tures of nanocrystals have a strong correla-
tion with their morphologies, morphology
control of Pt nanocrystals has become
a central theme of research with an ulti-
mate goal to tune the nanocrystal catalytic
performance.22�24 Among various possible
morphologies, branched nanostructures
(e.g., multipods) are of particular interest
owing to their unique surface structures.
The parameter control of branched struc-
tures allows tuning the surface-to-volume
ratios and the number of atomic steps,
ledges, and kinks on surface, which can
greatly impact the catalytic activity.25,26

The morphology of multipods has been
commonly observed in the synthesis of II�VI
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ABSTRACT Structural control of branched nanocrystals allows tuning two parameters

that are critical to their catalytic activity;the surface-to-volume ratio, and the number of

atomic steps, ledges, and kinks on surface. In this work, we have developed a simple

synthetic system that allows tailoring the numbers of branches in Pt nanocrystals by tuning

the concentration of additional HCl. In the synthesis, HCl plays triple functions in tuning

branched structures via oxidative etching: (i) the crystallinity of seeds and nanocrystals; (ii)

the number of {111} or {100} faces provided for growth sites; (iii) the supply kinetics of

freshly formed Pt atoms in solution. As a result, tunable Pt branched structures;tripods,

tetrapods, hexapods, and octopods with identical chemical environment;can be rationally synthesized in a single system by simply altering the etching

strength. The controllability in branched structures enables to reveal that their electrocatalytic performance can be optimized by constructing complex

structures. Among various branched structures, Pt octopods exhibit particularly high activity in formic acid oxidation as compared with their counterparts

and commercial Pt/C catalysts. It is anticipated that this work will open a door to design more complex nanostructures and to achieve specific functions for

various applications.
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semiconductor nanocrystals by controlling the for-
mation of different crystal structures in the same
nanocrystal.27�29 However, as a face-centered cubic
(fcc) metal, Pt has no intrinsic driving force for the
growth of anisotropic structures when the seeds are
surrounded by an isotropic medium in solution phase,
making the synthesis of Pt branched structures extre-
mely unfavorable.22�24 In previous studies, a seeding
process was employed as a major method for produc-
ing Pt branched structures.25,26,30,31 In this synthetic
system, anisotropic overgrowth of nanocrystals could
occur owing to a faster rate of atomic addition than
that of atomic diffusion when the concentration of
atoms added to seed surface is well controlled. Note
that metal salts such as silver and cobalt precursors
have been also used as “trace elements” to induce
the growth of multipods, which should share similar
fundamentals with the seeding process.32,33 Some
other trace metals such as iron species can affect
the branched growth via a different mechanism by
altering reaction kinetics, given their function in oxida-
tive etching.34 Overall, several different patterns of
branched growth in Pt nanocrystals have been ob-
served in various synthetic systems in literature. The
growth patterns mainly depend on the crystallinity
of seeds (i.e., twinned versus single-crystal) and the
surface facets activated for atomic addition, which
can lead to different numbers of branches in final
morphologies.25,26 For the purpose of designing nano-
structures with tunable catalytic performance, it
is important to tailor these parameters while main-
taining the others constant. For instance, when various
branched structures were obtained in different syn-
thetic systems, it could result in varied chemical en-
vironments to the nanocrystal surface (i.e., molecules
left on surface), which may in turn have significant
impact on the catalytic activities of nanocrystals. Thus it
is needed to develop a simple but comprehensive
system that allows us to tune the parameters of
branched structures with a versatile tool indeed. With
this system developed, we should be able to investi-
gate how their electrocatalytic performance can be
optimized by constructing complex structures, free of
the influence from other factors such as the variation in
chemical environments on nanocrystal surface.
Herein, we report a facile, one-step synthetic ap-

proach to Pt branched nanocrystals with controllable
numbers of branches. As compared to the previously
reported systems, the present method offers the cap-
ability of directly controlling the anisotropic growth of
branches on Pt nanocrystals in a single reaction, with-
out the needs of adding seeds or foreign cations.
More importantly, multiple different growth patterns
of branched structures can be observed by simply
tuning the concentration of additional HCl in this
system. Thus the synthetic system proposed here not
only presents a simpler platform for investigating the

formation mechanism of Pt multipods, but provides
samples with varied structures and identical chemical
environment for catalytic studies. As an example, we
demonstrate that the electrocatalytic performance of
Pt nanocrystals can be optimized by controlling their
branched structures.

RESULTS AND DISCUSSION

In the present work, Pt branched nanocrystals were
grown from a simple reaction system where H2PtCl6,
poly(vinyl pyrrolidone) (PVP) and KBr were dissolved in
a mixed solvent of ethylene glycol and water. PVP was
used as a stabilizer to prevent the agglomeration of
nanoparticles, while ethylene glycol served as a redu-
cing agent. Different amounts of HClwere added to the
reaction system, tuning the crystallinity of seeds and
the modes of atomic addition.
We first examined the case in the absence of HCl.

Figure 1a shows the transmission electron microscopy
(TEM) image of a typical sample obtained at t = 24 h,
revealing that themajority of product has three branches
with the podwidth of about 4 nm. The distance between

Figure 1. TEM, STEM, and HRTEM images of the tripod
sample prepared in the absence of HCl for 24 h: (a) TEM
image; (b) STEM image; (c) HRTEM image. The inset of panel
b shows the schematics of a typical nanoparticle in the
image. The numeric labels in theHRTEM image illustrate the
numbers of branches. (d) Magnified image of the region
marked by the red box in panel c. (e) TEM image of the
intermediate product formed at 30 min. (f) HRTEM image of
intermediate product, and the insets show a magnified
image and the corresponding structure schematics. The
green and orange colors in the schematics represent
{100} and {111} facets, respectively. Owing to the difficulty
of drawing the exact structures of branched nanocrystals,
the schematics in Figures 1�4 only represent the orienta-
tion of nanocrystals and do not reflect the true dimensions.
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the tips of two pods is about 12 nm. This tripod
morphology is further confirmed by scanning trans-
mission electron microscopy (STEM, Figure 1b). Fur-
thermore, high-resolution TEM (HRTEM) images in
Figure 1c,d have verified the planar structure of this
tripod. The observed lattice fringes can be assigned to
the forbidden 1/3{422} reflection that has been also
observed in metallic nanostructures in the form of thin
plates bounded by atomically flat surfaces, indicating
the existence of a layer of twin plane in between.35�38

The growth axis of each pod can be determined to
[211], which is consistent with the literature.26 To
elucidate the growth mode of tripods, we have col-
lected samples from different growth stages in the
syntheses. Figure 1 panels e and f are typical TEM and
HRTEM images of the sample obtained at 30 min. The
TEM image reveals that the intermediates consist of
truncated triangular or circular nanoplates. The nano-
plates are single-twinned with {111} facets as top and
bottom surface, as indicated by the HRTEM image.
According to the symmetry of fcc structure, their side
faces should be a mix of alternated {111} and {100}
facets. Comparing the structure of tripods with that
of intermediate nanoplates, we can conclude that
each pod of a tripod grows along [211] axis from one
side {111} face of an intermediate nanoplate. This
branched growth is named as “Growth Pattern 1” in
our work.
When 112.5 mM HCl was introduced to the reaction,

the structure of nanocrystals was tuned from single
twin to single crystal as determined by HRTEM images
(Figure 2c,d). TEM and STEM images in Figures 2a,b
reveal that most nanoparticles in the sample obtained
at t = 24 h have four branches with branch distance
of ca. 15 nm. The growth axis of each branch has
been determined to [111] by HRTEM images. Early
stage studies indicate that these tetrapods actually
evolve from single-crystal cuboctahedral seeds that
are enclosed by a mix of {100} and {111} facets (see
Figure 2e,f). Since the growth axis of each pod is [111],
it is assumed that branch growth occurs on four {111}
faces of each cuboctahedral seed. Given that each
cuboctahedron possesses eight {111} corners, only
half of the corners should have provided sites for atomic
addition in the formation of this tetrapod structure.
This structure assignment is also well supported by
the literature.32 We mark this growth mode as “Growth
Pattern 2” in our work.
As the concentration of HCl was doubled, the re-

sulted nanocrystalsmaintained the single-crystal struc-
ture, but the number of pods was increased to six (see
Figure 3a,b for the sample obtained at t = 24 h). The
distance between the tips of two pods is roughly
18 nm. HRTEM images in Figure 3c,d reveal that each
branch of a hexapod grows along the [100] axis. The
precursors for hexapods have been also successfully
captured at 15 min, which show the morphology of

nanospheres (see Figure 3e). HRTEM image in Figure 3f
confirms that these nearly spherical nanoparticles have
very similar structure to the seeds for tetrapods;
cuboctahedrons covered by {100} and {111} facets.
Thus we can reach the conclusion that the hexapods
are formed via atomic addition on the six {100} faces of
cuboctahedral seeds. This is the “Growth Pattern 3”
observed in our work.
As the amount of HCl was further tripled, the struc-

ture of products appeared to be very complex, and the
size of nanocrystals was increased to 22 nm (see TEM
image in Figure 4a for the sample obtained at t = 24 h).
STEM image (Figure 4b) indicates that the nanocrystals
maybeoctopods, because of the appearance of branches
and the orientation of nanocrystals. The structure of
octopods is further confirmed by HRTEM images
(Figure 4c,d) when tilting the sample by 15�. HRTEM
also reveals that the nanocrystals are single-crystal and
the growth axis of each pod is [111] (see Figure 4e).
Since the growth direction is the same as that of a
tetrapod, we highly suspect that the growth of each
octopod occurs on all the eight {111} corners of a
cuboctahedron. To verify this feature, we have at-
tempted to collect intermediates from early stages of
reaction. Unfortunately, we have not been able to

Figure 2. TEM, STEM, and HRTEM images of the tetrapod
sample prepared in the presence of 112.5 mM HCl for 24 h:
(a) TEM image; (b) STEM image; (c) HRTEM image. The inset
of panel b shows the schematics of a typical nanoparticle in
the image. The numeric labels in the HRTEM image illustrate
the numbers of branches. (d) Magnified image of the region
marked by the red box in panel c. (e) TEM image and
structure schematics of the intermediate product formed
at 15min. (f) HRTEM image of intermediate product, and the
inset is a magnified image of the region in the red box. The
green and orange colors in the schematics represent {100}
and {111} facets, respectively.
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identify the stage of cuboctahedral seeds; however,
we captured the intermediates of tetrapods from the
reaction at 30 min and 2 h, respectively (see Figures 4g
and 4h). It implies that octopods evolve from the
precursors of tetrapods via atomic addition on the
four insufficiently grown {111} faces (namely “Growth
Pattern 4” in ourwork). In other words, the difference in
the growthmodes for tetrapods and octopods (Pattern
2 versus Pattern 4) lies on whether atomic addition
occurs on only four {111} faces or all the eight {111}
faces. In principle, this atomic additionmay be affected
by the surface activation of seeds or/and the supply
kinetics of freshly formed atoms in solution. The sta-
tistics of branched morphologies in each sample is
shown in the histograms in Figure 5. The criteria to
determine the shape of branched structures in the
histograms is based on the numbers of main branches,
counting from 80 to 180 particles, regardless of the
particle sizes or sub-branched growth.
From the experimental observations above, we can

conclude that the final morphologies of products may
be determined by three factors in turn: (i) the crystal-
linity of seeds and nanocrystals; (ii) the number of
{111} or {100} faces provided for growth sites; (iii)
the supply kinetics of freshly formed Pt atoms. Note

that the factors (ii) and (iii) determine the process
of atomic addition on seeds in the formation of Pt
nanocrystals. Our experiments clearly show that HCl
plays an important role in affecting these three factors,
as it has been verified that the concentration of HCl is a
major parameter for determining the number of
branches in multipod structures. As a necessary sup-
plement to Figures 1�4, the more data points in
Supporting Information, Figure S1 show the trend for
morphological dependence on HClmore clearly. Taken
together with the images in Figures 1�4, they reveal
the morphological variation from tripods to tetrapods,
hexapods, and then octopods by gradually increasing
the amounts of HCl. Previously we have demonstrated
that oxygen and chloride (O2/Cl

� pair) can induce
oxidative etching.39�41 In particular, the potential of
oxygen reduction is increased from 0.401 to 1.229 V
depending on the concentration of acid, which makes
the etching effect more significant.42 Thus the presence

Figure 3. TEM, STEM, and HRTEM images of the hexapod
sample prepared in the presence of 225mMHCl for 24 h: (a)
TEM image; (b) STEM image; (c) HRTEM image. The inset of
panel b shows the schematics of a typical nanoparticle in
the image. The numeric labels in the HRTEM image illustrate
the numbers of branches. (d) Magnified image of the region
marked by the red box in panel c. (e) TEM image and
structure schematics of the intermediate product formed
at 15min. (f) HRTEM image of intermediate product, and the
inset is a magnified image of the region in the red box. The
green and orange colors in the schematics represent {100}
and {111} facets, respectively.

Figure 4. TEM, STEM and HRTEM images of the octopod
sample prepared in the presence of 675mMHCl for 24 h: (a)
TEM image; (b) STEM image; (c�f) HRTEM images. The inset
of panel b shows the schematics of a typical nanoparticle in
the image. The numeric labels in the HRTEM image d
illustrate the numbers of branches. (d) Image of the nano-
particle in panel c recorded by tilting 15�. (f) Highlights of
the stepped surface atoms on a pod. (e) Magnified image of
the region marked by the red box in panel c. (g, h) TEM
image and structure schematics of the intermediate prod-
uct formed at 30 min and 2 h, respectively.
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of acid can facilitate the oxidative etching process.
It has been verified in our previous studies that defect
zones in twinned seeds are much higher in energy
relative to single-crystal counterparts, so their atoms
can be attacked by the etchant and dissolved into the
solution due to oxidative etching.39 Thus the addition
of HCl can tune the crystallinity of seeds and nano-
crystals from single twin to single crystal in our case
(i.e., alter from Pattern 1 to Patterns 2�4). On the other
hand, it appears that HCl can impact the atomic
addition onto single-crystal seeds;the number of
branches is tuned from 4 to 6 and then to 8 by
increasing the concentration of HCl. As mentioned
above, this atomic addition should be related to two
factors: surface facets provided for atomic addition,
and kinetics of atomic supply. For the second factor,
there is little doubt that oxidative etching by HCl can
control the kinetics of atomic generation. It has been
previously demonstrated that the generation of freshly
formed atoms can be slowed by etching, affecting the
rate of atomic addition.40,41 Thus basically the kinetics
of atomic supply and atomic addition canbe effectively
tuned, when the concentration of HCl is altered.
The importance of oxidative etching in eliminating
twinned structures and affecting atomic addition has
been demonstrated by control experiments by elim-
inating acid and/or bubbling argon gas (see Figure 6).
Ideally oxidative etching can be greatly suppressed in
the absence of oxygen and/or acid. In the present case,
the addition of argon gas could not completely elim-
inate oxygen from the system, since oxygen has a
strong binding to the platinum surface. Thus essen-
tially the use of argon gas only reduces the amount of

oxygen in the reaction system. As a result, the effect of
oxidative etching is relatively weakened by the elim-
ination of acid and/or the reduction of oxygen amount
from the reaction. Under these conditions, the ob-
tained nanocrystals are mostly planar and single-
twinned. Although a small portion of nanoparticles is
single-crystal, their branched growth is very limited. It
indicates that the oxidative etching is the major con-
tributor to eliminating the twinned structures and
controlling the branched growth. However, the major
question for the mechanism in our work comes from
the first factor;surface facets provided for atomic

Figure 5. Histogram for the nanoparticles of different shapes in the samples: (a) sample in Figure 1a; (b) sample in Figure 2a;
(c) sample in Figure 3a; (d) sample in Figure 4a.

Figure 6. TEM images of the samples prepared under the
same condition as that in Figure 4a (i.e., prepared in the
presence of 675 mM HCl in air for 24 h), except for the
difference as follows: (a,b) the use of NaCl (675mM) instead
of HCl and the Ar environment instead of air; (c) the Ar
environment instead of air; (d) the use of NaCl (675 mM)
instead of HCl.
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addition. To elucidate how HCl affects this factor, it is
necessary to investigate the role of the capping effect
from bromide and other species.
It has been demonstrated that bromide can selec-

tively adsorb onto the Pt and Pd {100} surface and thus
alter surface free energies.41 In the present case, it is
assumed that bromide plays the same role in capping
the {100} surface facets on Pt cuboctahedral seeds. As
a result, atomic addition prefers to selectively occur on
the {111} corners of cuboctahedral seeds rather than
all over the surface (particularly when the concentra-
tion of additional HCl is kept low). Taken together,
it is believed that two key components make major
contributions to the formation of various branched
nanocrystals: oxidative etching induced by HCl, and
protection of {100} facets by bromide. In the absence
of HCl, the role of oxidative etching is negligible, so
single-twinned seeds can be formed in the early stage.
As the side {100} faces of planar seeds are covered by
bromide, further atomic addition will occur on the tips
of side {111} faces, leading to the production of Pt
tripods (i.e., Growth Pattern 1). As HCl is introduced to
the reaction, oxidative etching will eliminate the for-
mation of twinned structures. Thus small single-crystal
nanoparticles enclosed by a mix of {111} and {100}
facets are initially formed in solution, as the spherical
shapes (or Wulff polyhedrons) are most favored by
thermodynamics in order to minimize the total surface
energies.22�24 According to the literature, the mor-
phology of a nanocrystal depends on the diffusion rate
(V1) of precursor from solution to the surface and the
growth rate (V2) at which atoms are generated and
added to the surface of a growing seed in a kinetically
controlled synthesis.42 In our case, the V1 is controlled
by the supply rate of Pt atoms from solution. The
supply of Pt atoms (essentially the generation of free
Pt atoms) ismanipulated by oxidative etching.With the
increase of HCl concentrations, the oxidative etching is
enhanced to suppress the supply of Pt atoms. The V2
highly depends on the surface condition of seeds. At a
high concentration of bromide, the {100} surface is
well protected (de-energized) and thus further atomic
addition preferentially occurs on the {111} corners. As
demonstrated above, the reaction rate can be tuned by
oxidative etching, depending on the amount of HCl. At
a relatively fast reaction rate (i.e., in the case of low HCl
concentration), most Pt stock is consumed in the early
stage so the rest of the freshly formed Pt atoms are only
sufficient for the atomic addition on half of the {111}
surface. As a result, Pt tetrapods can be formed via

Growth Pattern 2. Asmore HCl is added, the generation
of Pt atoms is suppressed prior to the starting point of
branched growth. In this case, more Pt stock can be
saved for the successive branched growth in a rela-
tively long period of time. On the other hand, when
the oxidative etching is enhanced, it can facilitate
the surface reactivation of {100} facets by removing

bromide from the surface. This feature has been ob-
served in our previous work.41 As a result, both {111}
and {100} surface facets are exposed for atomic addi-
tion. In terms of surface free energies, low-index facets
have the order of γ(111) < γ(100) < γ(110). Thus the atomic
addition preferentially occurs on the {100} facets,
leading to the formation of hexapods (i.e., Growth
Pattern 3). As the concentration of HCl reaches a
certain level (e.g., 675 mM), HCl not only increases
the strength of oxidative etching, but also introduces a
significant amount of chloride into the solution. Chlo-
ride has a similar capping effect on {100} facets of Pt to
bromide.43 As reported in literature, the strength of
chemisorption or surface coordination to Pt surface
increases in the order of chloride < bromide < iodide.43

This weak capping effect of chloride has been proven
by control experiments (see Supporting Information,
Figure S2). At a low concentration of chloride, its
adsorption is not strong enough for surface capping;
however, the huge increase in its concentration would
make its {100} capping effect more significant. In this
case, {100} facets should have been notably deacti-
vated from atomic addition, according to the growth
pattern determined by the HRTEM observations above.
We assume that chloride has a significant capping
effect on {100} faces in this case. As a result, the
surface condition of seeds is quite identical to that in
Growth Pattern 2. However, the kinetics of atomic
generation in the Growth Pattern 4 is much slower in
comparison with Pattern 2. At a very high concentra-
tion of HCl, the supply of Pt atoms is so slow that
cuboctahedral seeds can gradually grow into tetra-
pods and then octopods (i.e., Growth Pattern 4) when
freshly formed Pt atoms are added to the {111}
corners. Certainly, the final overall sizes of nanocrystals
should be increased with the enhancement of oxida-
tive etching, which has been verified by TEM observa-
tions in Figures 1�4.
The tunable structures of Pt branched nanocrystals

offer a platform to investigate the effect of branches on
their catalytic performance. We have employed the
electrocatalytic oxidation of formic acid for compar-
ison studies on branched structures. The blank CVs of
all the samples clearly show the presence of adsorption
states of H to (110) and (100) step sites at 0.12 and
0.26 V, respectively, which is superimposed with a
broad current wave from H adsorption at (111) sites
(see Figure 7).6 The clear double-layer region and the
well-defined current peaks for H adsorption/desorption
indicate that the measurements of electrocatalytic
performance of samples in Figure 7 are not affected
by contaminants such as PVP, chloride, bromide, and
ethylene glycol. The active surface area of all the
samples can be acquired by analyzing this set of
blank CVs, which is further used to normalize the
electrocatalytic CVs in Figure 8b. From the CVs, we also
noticed the broader double-layer region (charging and

A
RTIC

LE



MA ET AL . VOL. 6 ’ NO. 11 ’ 9797–9806 ’ 2012

www.acsnano.org

9803

discharging) in the case of Pt/C, which should be
mainly contributed by the higher capacitance from
carbon support in the catalysts.44

Figure 8a shows themass activities of all the samples
toward formic acid oxidation. The maximum current
densities of formic acid oxidation are in the order of
octopod>hexapod> tetrapod> tripod, indicating that
the electrocatalytic performance of branched struc-
tures can be improved by increasing the branch num-
ber. It should be noticed that the samples have been
characterized with XPS prior to transferring them onto
electrodes (Supporting Information, Figure S3) and
after electrochemical cleaning process (Figure S4),
respectively. It verifies that all the samples are free of
chloride and bromide after the electrochemical clean-
ing within the detection limit of XPS technique,
although a very small amount of bromide was found
prior to the cleaning step. All the results indicate that
the measurements of electrocatalytic performance of
samples are not affected by contaminants such as PVP,
chloride, bromide, and ethylene glycol. In the assess-
ment of electrocatalytic activities, we have to address
that the effect from surface area is not the major
contributor to tuning their electrocatalytic activities.
The active surface area of all the samples that can be
estimated from the charges for the oxidation of H
adlayer in the potential region from 0.05 to 0.4 V in
the blank CVs is summarized in Table 1, fromwhich one
can see that the active surface area is increased from
0.39 to 1.32 cm2 by tuning the number of branches. To
exclude the effect from surface area, we have normal-
ized the voltammograms by the active surface area of
catalysts. Figure 8b shows the CVs of all the samples
toward formic acid oxidation, where the current is
normalized by the active surface area of catalysts.
The maximum current densities of formic acid oxidation

at the tripods, tetrapods, hexapods, and octopods from
the positive scans are 0.45, 1.00, 2.07, and 2.81mA 3 cm

�2,
respectively. In addition, the onset potential for formic
acid oxidation is slightly negatively shifted in the
order of octopod > hexapod > tetrapod > tripod,
indicating the improvement of electrocatalytic activ-
ities at octopods.5,45 Furthermore, the significant cur-
rent at potentials below 0.35 V is observed at hexapods
and octopods, indicating that such catalysts have high
tolerance toward CO poisoning. These results clearly
demonstrate that the catalytic activity of Pt nanocryst-
als can be improved by building complex branched
structures, although their particle sizes are increased
from 12 to 22 nmmeanwhile. The catalytic activities of
Pt hexapods and octopods developed in the present
work are better than that of commercial Pt/C catalysts

Figure 8. Cyclic voltammograms for formic acid oxidation
at electrodes composed of Pt tripods, tetrapods, hexapods,
and octopods, respectively: (a) mass-specific activities; (b)
surface area-specific activities. Electrolyte, 0.5 M H2SO4 þ
0.1 M HCOOH solution; scan rate, 50 mV/s.

TABLE 1. The Geometric Area, Active Surface Area and

Roughness (Roughness = Active Surface Area/Geometric

Area) of theGlassy CarbonElectrodes ThatWereModified

by Pt Catalysts in Formic Acid Oxidation

Pt nanoparticles

mass loading

(μg 3 cm
�2)

geometric

area (cm2)

active surface

area (cm2) roughness

Pt tripods 9.455 0.07065 0.39387 5.57495
Pt tetrapods 9.455 0.07065 0.41998 5.94452
Pt hexapods 9.455 0.07065 1.10460 15.63486
Pt octopods 9.455 0.07065 1.32153 18.70530
Pt/C catalysts 9.455 0.07065 0.65147 9.22105

Figure 7. Cyclic voltammogramsof electrodes composed of
Pt tripods, tetrapods, hexapods, and octopods, respec-
tively, in 0.5 M H2SO4 solution at a scan rate of 50 mV/s.
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(versus 1.19 mA 3 cm
�2) and other complex structures

(see Supporting Information, Figure S5).6,46 The activity
enhancement is most likely related to the unique
surface structures of branched nanocrystals. From
Figure 4f, one can see that there are high densities
of stepped surface atoms on the octopods, which is
supposed to exhibit higher catalytic activity.5 Further
investigations are underway to fully understand the
structure�activity relationship.

CONCLUSION

We have developed a simple synthetic system that
allows the numbers and dimensions of branches in Pt
nanocrystals to be tailored by tuning the concentration

of additional HCl. HCl plays triple functions in tuning
branched structures via oxidative etching: (i) the crys-
tallinity of seeds and nanocrystals; (ii) the number of
{111} or {100} faces provided for growth sites; (iii) the
supply kinetics of freshly formed Pt atoms in solution. It
enables the acquisition of tunable branched structures
with identical chemical environment for catalytic stud-
ies, since different growth patterns can be all observed
in this system. Among various branched structures, Pt
octopods exhibited superior electrocatalytic perfor-
mance as compared with their counterparts and com-
mercial Pt/C catalysts. It is anticipated that this work
will open a door to design complex nanostructures and
to achieve specific functions for various applications.

EXPERIMENTAL SECTION

Synthesis. In a typical synthesis, 5 mL of ethylene glycol
(EG, Aladdin, 1095698�500 mL) was hosted in a 25-mL, 3-neck
flask (equipped with a reflux condenser and a Teflon-coated
magnetic stirring bar) and heated in air under magnetic stirring
at 116 �C. Meanwhile, 0.0677 g of chloroplatinic acid hydrate
(H2PtCl6, Aldrich, 254029-1G) and a different amount of hydro-
chloric acid (HCl) were dissolved in 3 mL of EG; 0.600 g of KBr,
and 0.0916 g of poly(vinyl pyrrolidone) (PVP, M.W.= 55 000,
Sigma-Aldrich, 856568, 100 g) were dissolved in 3 mL of water
at room temperature. Themolar ratio of [PtCl6]

2� to Br� and the
repeating unit of PVP was kept as 1:30:15. The aqueous stock
solutionwas then quickly injected into the flask, followed by the
addition of EG stock solution. The reaction mixture was heated
at 116 �C in air for different periods of time, and sets of samples
were taken over the course of each synthesis with a glass pipet.
The final products from all the syntheses were collected at
t = 24 h. The product was collected by centrifugation and
washed with acetone once, ethanol three times, and water four
times to remove most of the EG and excess PVP. The as-obtained
samples were then characterized by TEM, STEM, and HRTEM.

Morphology Characterization. A drop of the aqueous suspen-
sion of particles was placed on a piece of carbon-coated copper
grid and dried under ambient conditions. TEM images were
taken on a JEOL JEM-2010 LaB6 high-resolution transmission
electron microscope operated at 200 kV. STEM and HRTEM
images were taken on a JEOL JEM-2100F field-emission high-
resolution transmission electron microscope operated at 200 kV.

XPS Characterization. To verify that all the four samples are free
of chloride and bromide in the electrochemical measurements,
X-ray photoelectron spectra (XPS) were collected on an ESCA-
Lab 250 X-ray photoelectron spectrometer, using nonmono-
chromatized Al�KR X-ray as the excitation source.

Electrochemical Measurements. The electrochemical measure-
ments were performed at room temperature. The catalysts
dispersed onto a glassy carbon electrode (GCE) were used as
aworking electrode (WE). To prepare theWE, 4 μL of an aqueous
suspension of the nanoparticles (167 μg/mL) was transferred to
the GCE with a geometric area of 0.07 cm2. The nanoparticles
were prewashed with acetone once, ethanol three times, and
water four times. Upon drying under air for 3 h, the electrode
was cleaned with RF plasma (Plasma Cleaner pdc-002, Harrick,
NY, USA) at a power level of 10.5W for 1.5min to remove residue
organics, and then covered with 3 μL of Nafion dispersed in
water (0.025%). A Ag/AgCl electrode and a platinum foil were
used as the reference and counter electrode, respectively. Prior
to electrocatalytic measurements, hundreds of potential cycles
were conducted in 0.5 M H2SO4 solution with saturated CO and
then in another 0.5 M H2SO4 solution with continuous N2 gas in
the potential region from �0.2 to 1.0 V till the blank CVs stay
unchanged, in order to let residue organics and ions release. The
blank CVs were collected at a sweep rate of 50 mV/s in freshly

prepared 0.5 M H2SO4 solution. For the electro-oxidation of
formic acid, the CVs were recorded at a sweep rate of 50mV/s in
0.5MH2SO4þ 0.1MHCOOH. The current was normalized by the
active surface area of catalysts estimated from the charges for
the oxidation of H adlayer in the potential region from 0.05 to
0.4 V in the blank CVs. Electrode potential was controlled by a
CHI 660D electrochemical station (Shanghai Chenhua, China).
Commercial Pt/C catalysts (Pt: 40%wt) were used as a reference
to evaluate the electrocatalytic performance of samples. The
concentration of platinum nanoparticles was measured with a
Thermo Scientific PlasmaQuad 3 inductively coupled plasma
mass spectrometry (ICP�MS) after dissolving them with a
mixture of HCl and HNO3 (3:1, volume ratio). With the informa-
tion of nanoparticle concentrations, all the samples were di-
luted to the concentration of 167 μg/mL.
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